Micro-electro-mechanical systems (MEMS) type inertial measurement unit (IMU) is increasingly used in gait measurement applications. Practically, there is an urgent need for fast deployment of the device in field. Static calibration is needed to acquire zero-bias (ZB) and sensitivity (S) of all axis in an IMU. These parameters are essential in mathematically transforming electrical signals to kinematic outputs. Conventional static calibration method using a rotary table is time-consuming and costly. A faster static calibration method is studied and compared. This paper investigates two static calibration methods in terms of accuracy and required time.
Introduction
To date, MEMS type IMUs are widely used in gait analysis measurement applications [1, 2] , healthcare application [3] and inertial navigation applications [4] . The main reason for its use is that it is small and cheap while providing reasonable accuracy and reliability. IMU performance degrades due to environment changes [5] , hence it needs frequent re-calibration before use in a new environment.
Two main parameters are retrieved from the calibration, namely zero bias and sensitivity for each axis. Conventional static calibration was proposed in [6, 7] using known test positions. Ferraris [5] formulated a triaxial accelerometer linear model with inter-axis error correction and proposed procedures to statically calibrate it using a reference block but did not compare the results with a conventional method. Lotters [8] proposed an inuse calibration procedure without any external reference device using an optimization technique to estimate the IMU parameters. Quasi-static positions determined by signal processing are used rather static positions. It is not a straight forward solution but rather searching and comparing iteratively through a huge solution vector space for minimum error. Other researchers [3, 4, 9 ] did proposed similar solutions using different estimators and procedures. Calibration using estimation incurs the need for powerful computation yet the accuracy might not be guaranteed if the procedure is not strictly followed.
A simple method is studied, namely the 6-known positions method. It utilizes only simple tools, i.e. a spirit level, an adjustable platform and two well-machined cubes. The results are compared with a conventional calibration method using a rotary table.
Sensor Package
An IMU-5DOF in the form of a PCB breakout (SparkFun Inc.) as shown in Figure 1a was used. It consists of a triaxial (X,Y,Z) accelerometer (ADXL335, Analog Device) and a dual axial (X R ,Y R ) gyroscope (IDG500, InvenSense Inc.). It is light weight (~2g) and small size (20x23mm). The axes assignments follow the recommendation of ADXL335 datasheet. The direction of axes assignments follow the norm that the accelerometer axis points upward against the gravity and gyroscope turning direction is positive as labelled (Figure 1b) . Accelerometer is ratiometric [10] , that means zero bias and sensitivity varies relative to the input voltage change. Nevertheless, gyroscope [11] is non-ratiometric.
Zero bias is the offset voltage when the accelerometer axis is parallel to 0g; the sensitivity is the scaling factor when the accelerometer axis is aligned between +1g and -1g. Using the unnormalized outputs, zero bias (ZB) of each axis is the mean output when the axis is horizontal (0g) while the sensitivity (S) of each axis is the mean difference between +1g and -1g of each axis. The formula of zero bias and sensitivity are shown in equation (1) Zero bias of the gyroscope is the mean output voltage during static. Sensitivity of the gyroscope is given by the manufacturer and is identical for both axes. Validation of gyroscope sensitivity is beyond the scope of this paper. All collected data are further processed in Matlab.
Rotary Table Calibration Method
An IMU-5DOF is calibrated using an experiment setup as shown in Figure 2 , including a rotary table [12] , an adjustable platform, an electronic spirit level, a customized datalogger and a machined bar. To ensure the working plane of the IMU with respect to the gravity, an adjustable platform with four M6 screws at its four corners is aligned orthogonal to the gravity using an electronic spirit level (resolution 0.1 0 ). In Figure 2 , the IMU is oriented in X-Y plane where initially the X-axis is pointing horizontally while the Y-axis points upward.
The IMU is mounted on a well-machined bar that provides right angles relative to each faces for experiments in three planes. i.e. X-Y, Y-Z and Z-X planes as illustrated in Figure 3 . Each plane is turned over a revolution in counter-clockwise (CCW) direction. The bar can accommodate static calibrations in Y-Z plane or Z-X plane by mounting the IMU at the top or right surface of the bar respectively. For all planes, a starting angle must be marked where two axes (pointing to the right side and outward) will be horizontal which is equivalent to 0g while the third axis is pointing upward which is equivalent to +1g. The starting angle is marked as 0 0 . For example, in X-Y plane, X and Y axes are of interest because Z axis, theoretically, will keep horizontal (0g) at all angles. At the starting angle, X is horizontal, equivalent to 0g while the Y axis points upward, equivalent to +1g.
The rotary table is turned manually counter clockwise (CCW). For every 1 0 interval, the datalogger (customized using a microprocessor from MBED NXP LPC1768 and 10-Bit A/D Converters with SPI Interface, MCP3008, and the system sampling rate~200Hz) is triggered and approximately 1~2 seconds of IMU outputs (X,Y,Z,X R ,Y R ) are read and recorded in a secure digital (SD) card. The normalized axis output of an accelerometer can be formulated as equation (3). (3) where:
O n the normalized output in unit of g O a the actual measured output in voltage (V) µ ZB the mean zero bias of corresponding axis in unit of voltage (V) µ S the mean sensitivity of each axis in unit of V/g.
Theoretically, two normalized outputs in a single plane should match the ideal sine and cosine waveforms which fluctuate between ±1 as shown in equation (4) and equation (5).
Zero Bias of the 2D gyroscope are simply the mean outputs whenever the IMU is static.
Results and analysis
Three Initially it is assumed that one axis is always orthogonal to the plane however in reality it is not perfectly orthogonal to the plane. Figure 5 displays an example of Z-axis inter-axis misalignment with XY plane. Similar inter-axis misalignments are seen in YZ and ZX planes. These axis alignment error are reported in the specification. To calculate zero bias of each axis, interaxis misalignment error is averaged.
For each plane, zero bias and sensitivity of each axis responded in different planes are calculated and listed in Table 2 . Accelerometer mean zero bias and sensitivity of each axis are the mean of the parameters calculated from each plane. Low variations (SE ≤ 0.0012) in the setup parameters suggest high repeatability in outputs. Based on the parameters in each plane, normalized outputs for each plane are plotted using equation (3) . An example of normalized outputs in XY plane are plotted in Figure 6 , where the plane normalized outputs in X and Y, are compared to mathematical models in sine and cosine waveforms. Root mean square (RMS) error between the normalized outputs and sine and cosine model in different planes are calculated and listed in Table 3 , together with their maximum values in unit g. Low RMS (≤0.0127) shows great match between the actual outputs and the models, suggesting that the zero bias and sensitivity fit the equation. The gyroscope outputs during static mode are not constant but rather fluctuating slightly at different angles. An example of gyroscope outputs in XY plane is shown in Figure 7 . The error is reported in its manufacturer's datasheet as initial calibration tolerance (±250mV). Zero bias for the gyroscope in all planes are listed in Table 4 . The mean zero bias for X R and Y R are the mean calculated from all planes. This gyroscope zero bias shows low 
6-known Positions Calibration Method
The second method which could be used to calibrate an IMU statically is a 6-known positions as illustrated in Figure 8 . The axis orientations in 0g, +1g and -1g using 6-known positions are illustrated. The 6-known position are right angle orientations with reference to the platform which is aligned orthogonal to the gravity using an electronic spirit level (resolution 0.1 0 ). Two wellmachined blocks are used to provide right angle orientations with respect to each other from position 1 to position 6. For each position, approximately 10 seconds of IMU outputs are read and recorded using the same datalogger used in previous experiment. For the accelerometer, axis zero bias is the mean outputs during 0g while axis sensitivity is the mean output difference during +1g and -1g. Since all positions are static, for the gyroscope, axis zero bias is the mean outputs at all orientations.
Results and analysis
In this method, there were only six sets of data (X,Y,Z,X R ,Y R ). To acquire confidence in the results, three trials were repeated. Statistically, there are little variations (SE ≤ 0.04750mV) in each set of outputs collected in 10 seconds, suggesting consistent and high repeatable system performance. Mean data per outputs are used in the following analysis. The accelerometer and gyroscope outputs of one of the trials are shown in Figure 9 and Figure 10 respectively. Mean and SE of outputs in 6-known positions for all trials are calculated. For the accelerometer, zero bias is the average of four outputs during 0g while sensitivity is the mean difference between output in +1g and -1g. For example, zero bias for X-axis is the mean value at position 1,3,5 and 6 while the sensitivity is the absolute mean difference between Table 5 . Most parameter variations fells below SE = 0.0017V. Low variations had suggested that these parameters are consistent and stable.
Comparison
The mean setup parameters obtained using two methods are listed and compared in Table 6 . Percentage difference given by equation (6) 
Conclusion
Two static calibration methods for IMU were experimented and their performances in terms of accuracy and required time are compared. A faster and simple static calibration method is needed for in-field calibration. The planes) ; the rig is heavy and costly to build. Whereas the 6-known position method is faster (< 5 minutes); the rig is lighter, portable and much less costly to build. In conclusion, the 6-known position method is a better choice for in-field IMU calibration.
